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We previously isolated a variant of the influenza virus NWS/G70C, with a decreased sensitivity to the neuraminidase-
specific inhibitor 4-guanidino-Neu5Ac2en in vitro, which has a mutation in one of the conserved residues of the neuraminidase
Glu 119 to Gly. Despite the mutation, purified neuraminidase demonstrated the same specific activity as the parent neuramini-
dase. In contrast, characterization of a similar mutant by another group revealed a low specific activity of the enzyme. We
confirm here that the specific activity of our variant is the same as that of the parent, but report that this mutation makes
the enzyme inherently unstable, at high and low temperatures, either on the virion or as purified neuraminidase. Thus, for
a valid determination of specific activity the concentration of native NA needs to be determined at the time of enzyme
assay. Structurally, the instability may be partially explained by the introduction of a side chain (Gly), which carries a greater
entropy penalty in condensation of the structure from the unfolded to the folded state and this, together with the loss of
stabilizing interaction between Glu 119 and its neighbors in the active site, is not compensated for by the water molecule
occupying the position of the carboxylate group (6). q 1996 Academic Press, Inc.
Influenza infection remains a major health problem NWS/G70C mutant NA enzyme between our results (6)
and those of Staschke et al. (8), where the latter groupthroughout the world, in both developed and developing
countries. Although a vaccine is available, the continual reported that the mutant enzyme displayed only 5% of
the specific activity of the parent virus. Evidence pre-evolution of the virus surface proteins, hemagglutinin
(HA) and neuraminidase (NA), necessitates annual im- sented here confirms that although the specific activity
of our mutant enzyme is no different than that of themunization. Although the surface residues change, NA
parent virus, the enzyme is inherently unstable both aspossesses an enzyme active site with residues that are
the purified NA protein and on the virion, and this instabil-conserved through all influenza subtypes (1). Based on
ity is demonstrated at both low and high temperatures.the knowledge of the three-dimensional structure of the
Therefore for a valid measurement of specific activity theNA complexed with sialic acid (2), an NA specific inhibitor
enzyme activity and concentration of native NA need tohas been designed, 4-guanidino-2,4,-dideoxy-2,3-dehydro-
be determined concurrently.N-acetylneuraminic acid (4-guanidino-Neu5Ac2en), which
To quantitate the specific activity of the NA enzyme,has potent antiviral activity, both in vivo and in vitro (3–5).
NA crystals were taken, washed, and redissolved, soAn essential part of the development of antiviral com-
that enzyme activity, as well as the NA protein, couldpounds is the documentation of the emergence of resis-
be quantitated (6). Neuraminidase enzyme activity wastant variants. We have recently documented the emer-
determined using a modification of the method of Potiergence of variants in both the HA and the NA of the NWS/
et al. (10) as described previously (6), using methylum-G70C virus (6, 7). Another report has described the same
belliferone N-acetlyneuraminic acid (MUNANA, 0.2 mM,NA mutation in the NWS/G70C virus (8), namely the Glu
Sigma) as the substrate. NA protein was quantitated in119 Gly, and more recently the same mutation has been
an ELISA assay, as described previously (6), using adescribed in a Turkey, H4N2 virus (9). Glu 119 is one of
monoclonal anti-NA antibody, NC-10, to bind NA onto thethe conserved residues in the active site, suggesting that
wells.this site is tolerant of a change that preserves activity
When freshly assayed there was no difference be-but reduces drug binding. There was, however, a discrep-
tween the ratio of NA protein to NA activity between theancy in the data reported for the specific activity of the
mutant and parent NAs (Fig. 1a). However, after storage
at 47 for 7 weeks this material was retitrated, and the
mutant NA activity had decreased by 90%, while the activ-1 To whom correspondence and reprint requests should be ad-
dressed. Fax: 613 9347 5481. E-mail: jennyb@mel.dbe.csiro.au. ity of the parent NA remained unchanged. When we
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the enzyme assay to determine a dilution that was in the
linear portion of the activity curve. To investigate thermal
stability at elevated temperatures, duplicates of the se-
lected dilution were prepared, and samples were incu-
bated at 37, 45, 50, 55, and 607 for 1 hr. Enzyme activity
was then determined in duplicate for each sample, and
the activity was expressed as a percentage of the original
sample held at 47 for 1 hr (Fig. 2a). After 1 hr the G70C4-
G mutant enzyme was significantly more labile at temper-
atures greater than 457. At 557 there was less than 5%
NA activity of the G70C4-G virus remaining, whereas
there was still greater than 80% activity of the parent
virus.
Although we had shown rapid inactivation of NA en-
zyme activity at elevated temperatures, the virus would
FIG. 1. Effect of storage of purified NA at 47. (a) Crystals of both
wild-type NWS/G70C (WT) and mutant G70C4-G NA were redissolved
and the activity was assayed in a 96-well, MUNANA-based enzyme
activity assay. NA protein was quantitated in a capture ELISA, using
the NC-10 monoclonal anti-NA antibody, which only reacts with native
NA. (b) The same samples were retitrated after storage at 47 for 7
weeks, using the same dilutions. Serial twofold dilutions were prepared
in parallel for each sample for both ELISA and MUNANA assays. Ab-
sorbance is higher for the second ELISA experiment as the assay was
developed for a longer period.
quantitated NA protein in the ELISA assay (6), there was
a strong correlation between the decrease in enzyme
activity of the mutant and a decrease of mutant NA pro-
tein reacting in the ELISA (Fig. 1b). The results for the
parent NA also correlated, demonstrating no change in
either NA activity or NA protein reacting in the ELISA.
The monoclonal antibody therefore appears to bind only
to the active form of NA. These results demonstrated
that the purified mutant NA was more unstable than the
FIG. 2. Inactivation of NA enzyme activity. Dilutions of the parentpurified NA of the parent virus.
NWS/G70C (WT) and mutant G70C4-G viruses were prepared, samplesTo further investigate the stability of NA on virions and
were incubated at the specified temperatures, and residual activity wasthe kinetics of inactivation, stocks of the parent NWS/
assayed. (a) Samples were incubated for 1 hr. (b) Tubes were incubated
G70C and the G70C4-G mutant virus (6) were prepared at 377 and samples were removed from each tube at 24-hr intervals.
in Madin–Darby canine kidney (MDCK) cells, in the ab- (c) Tubes were incubated at 47 for 2 weeks, and samples were removed
on Days 0, 1, 2, 4, 7, 10, and 14.sence of any inhibitor. Each virus stock was titrated in
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not be exposed to such high temperatures during normal chain. The other important structural feature of the mu-
tant is the presence of a water molecule occupying thegrowth or processing for purification of the NA. Extended
incubations at a lower temperature may also achieve the space where the carboxylate of Glu 119 is found in the
wild type. Evaluating the contribution of this water mole-same net result. The selected dilution of each of the two
viruses was therefore incubated in duplicate at 377 for 7 cule to the overall stability of the protein is nontrivial and
would involve consideration of entropy loss of that waterdays (Fig. 2b) and at 47 for 14 days (Fig. 2c). Samples
were removed as indicated and were snap frozen and molecule and the differences in the enthalpy of its inter-
actions with protein atoms on one hand and the otherstored at 0707 until the incubations were completed. All
samples for a given temperature were tested simultane- solvent atoms on the other hand.
In a recent paper (7), we also described mutants withously in an enzyme assay. Each sample was assayed in
duplicate, and the activity was expressed as a percent- decreased sensitivity to the 4-guanidino-Neu5Ac2en that
had mutations in their HA, rather than in their NA. Twoage of the original activity from the Day 0 sample. Dupli-
cate measurements were within 10% of each other. of these mutants also possessed HAs which were more
thermolabile than the protein of the parent virus. As moreAt 377 the NA on the parent virus was stable, with no
of these mutants are isolated and characterized we mayloss of activity after 4 days of incubation and still retaining
find that although the mutations may result in a decreasegreater than 60% of the activity after 7 days. In contrast
in sensitivity to the inhibitors, they may also compromisethere was a marked decrease in activity of the NA of the
the stability of the NA or HA protein of the virus. StaschkeG70C4-G variant, with only 20% of the activity remaining
et al. (8) reported that the Glu 119 Gly mutation affectedafter 4 days. Even at 47 the G70C4-G NA was unstable,
the kinetics of replication of the virus in vitro, althoughlosing 60% of the original activity after 2 weeks at 47,
it did not affect the ultimate yield of virus. The implicationcompared to a 10% loss of the parent NA activity. This
of the instability of this mutation on replication of thiscorrelated with inactivation of the purified mutant NA
virus in vivo has yet to be determined.observed after storage at 47.
Our NA purification method requires minimal incuba-
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